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1RPHQFODWXUH
D FUDFNOHQJWK
G HURVLRQGHSWK
/H KDOIOHQJWKRIWKHHURVLRQJURRYH
/ KDOIOHQJWKRIWKHF\OLQGHU
( <RXQJ¶VPRGXOXV
K KDOIZLGWKRIHURVLRQ
.I PRGH,6,)
.Ieff PRGH,HIIHFWLYH6,)
.max PD[LPXPYDOXHRI.Ieff 
.IA PRGH,6,)GXHWRDXWRIUHWWDJH
.IP PRGH,6,)GXHWRLQQHUSUHVVXUH
.00 QRUPDOL]LQJ6,)IRUHIIHFWLYH6,)
3 LQWHUQDOSUHVVXUHLQF\OLQGHU
Uc DUFHURVLRQUDGLXV
5i LQQHUUDGLXVRIF\OLQGHU
5o RXWHUUDGLXVRIF\OLQGHU
W F\OLQGHUZDOOWKLFNQHVV

*5((.6<0%2/6
H OHYHORIDXWRIUHWWDJH
Ȟ 3RLVVRQ¶VUDWLR
Vy \LHOGVWUHVV
,QWURGXFWLRQ
,Q D ZLGH UDQJH RI LQGXVWULHV VXFK DV SRZHU FKHPLFDO IRRG SUHSDUDWLRQ QXFOHDU UHQHZDEOH HQHUJ\ DQG
DUPDPHQW LQGXVWULHV WKLFNZDOOHGSUHVVXUL]HGF\OLQGULFDOYHVVHOVKDYHEHHQXVHGDVEXWQRW OLPLWHG WR LQGXVWULDO
ERLOHUVQXFOHDUUHDFWRUVKLJKSUHVVXUHFRQWDLQHUVDQGJXQEDUUHOV:KHQW\SLFDOWKLFNZDOOHGKLJKSUHVVXUHYHVVHOV
DUH VXEMHFWHG WR VHYHUHHQYLURQPHQWDOFRQGLWLRQV VXFKDVJXQEDUUHOVXQGHU UHSHWLWLYHKLJKSUHVVXUHSXOVHVDFXWH
WHPSHUDWXUHJUDGLHQWVDQGFRUURVLYHHQYLURQPHQWRI WKHFRPEXVWLRQJDVHV UHVXOWLQJIURPWKH ILULQJSURFHVVD[LDO
HURVLRQVFDQEHSUDFWLFDOO\GHYHORSHGRQWKHLQQHUVXUIDFHRIWKHEDUUHODQGFUDFNVLQLWLDWHGW\SLFDOO\IURPRUQHDU
WKHGHHSHVWOLQHVRIWKHHURVLRQVXUIDFHV'/(6
$XWRIUHWWDJHLVWKHW\SLFDOSURFHVVWKDWKDVEHHQXWLOL]HGIRURYHUDFHQWXU\RQWKLFNZDOOHGF\OLQGULFDOSUHVVXUH
YHVVHOV LQ RUGHU WR LQWURGXFH IDYRUDEOH UHVLGXDO FRPSUHVVLYH VWUHVVHV DW WKH LQQHU SRUWLRQ RI WKH F\OLQGHU¶V ZDOO
.HQGDOO >@ 7KH FRPSUHVVLYH VWUHVVHV DW WKH ERUH GXH WR WKH DXWRIUHWWDJH SURFHVV DOORZ D KLJKHU RSHUDWLRQDO
SUHVVXUH LQ WKHYHVVHODQGGHFUHDVHF\OLQGHUVXVFHSWLELOLW\ WRSRVVLEOH LQQHUFUDFNLQJE\ LPSHGLQJFUDFN LQLWLDWLRQ
IXUWKHUVORZLQJGRZQIDWLJXHFUDFNJURZWKDQGWKXVSRVVLEO\H[WHQGLQJWKHSUHVVXUHYHVVHO¶VIDWLJXHOLIH
3UHYLRXVZRUNE\/HY\HWDODQG3HUOHWDO>@KDVIRFXVHGRQWKHLQYHVWLJDWLRQRI6,)VHPSOR\LQJDQ³LGHDO´
DXWRIUHWWDJHUHVLGXDOVWUHVVILHOGEDVHGRQ+LOO¶VVROXWLRQ>@+LOODVVXPHGWKDWWKHF\OLQGHUZDVPDGHRIDQHODVWLF
SHUIHFWO\SODVWLFPDWHULDOLJQRULQJWKH%DXVFKLQJHU(IIHFW%(DQGXVLQJWKHYRQ0LVHV\LHOGFULWHULRQ+RZHYHU
VRPH W\SLFDO JXQ EDUUHO DOOR\V H[KLELW D FRQVLGHUDEOH %( 7KH %( LV QDPHG IRU WKH SKHQRPHQRQ GLVFRYHUHG E\
%DXVFKLQJHU >@ IRU WKH FRQWLQXRXV FKDQJH RI WKH \LHOG VWUHVV GXH WR F\FOLF ORDGLQJ +H IRXQG WKDW IRU FHUWDLQ
PDWHULDOVWKDWKDYH\LHOGHGLQWHQVLRQRUFRPSUHVVLRQDQGZHUHVXEMHFWHGWRUHYHUVHGWHQVLRQRUFRPSUHVVLRQWKH
VXEVHTXHQW\LHOGVWUHVVZDVRIWHQUHGXFHGLQFRPSDULVRQWRWKHILUVW\LHOGVWUHVV
$WWHPSWV KDYH EHHQ PDGH WR LQFRUSRUDWH WKH BE LQ WKH IDWLJXH OLIH DQDO\VLV RI WKH WKLFNZDOOHG SUHVVXUL]HG
F\OLQGHUV)RUH[DPSOH0LOOLJDQHWDO>@VWXGLHGH[SHULPHQWDOO\WKHBELQDPRGLILHGKLJKVWUHQJWKVWHHOXVHG
IRUJXQEDUUHOVLQWKHPLG¶V0RUHUHFHQWO\&KHQ>@&KDDEDQHWDO>@DQG3DUNHUDQG8QGHUZRRG>@
KDYHDWWHPSWHGWRLQFRUSRUDWHWKHBELQWRDXWRIUHWWDJHDQDO\VLV+RZHYHUQRQHRIWKHPRGHOVHPSOR\HGZDVDEOHWR
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VLPXODWHWKHFRPSOHWHQRQOLQHDULW\RIWKHXQORDGLQJSKDVHRIDXWRIUHWWDJH,Q-DKHGDQG'XEH\>@VXJJHVWHG
DQLPSURYHGDOJRULWKPEDVHGRQWKHDFWXDOPDWHULDOVWUHVVVWUDLQFXUYH:LWKLQWKHUH\LHOGLQJ]RQHWKHLUQXPHULFDO
PRGHOLQFRUSRUDWHVWKHYDU\LQJBauschinger Effect Factor(BEFZKLFKLVH[SHULPHQWDOO\GHWHUPLQHG7KLVPRGHO
ZDVIXUWKHUH[WHQGHGE\3DUNHUHWDO>@DQGLWVDSSOLFDWLRQE\3DUNHUDQGDVVRFLDWHV>@UHVXOWHGLQDPRUH
UHDOLVWLFHYDOXDWLRQRIWKHDXWRIUHWWDJHUHVLGXDOVWUHVVILHOG
1XPHULFDO PHWKRGV KDYH EHHQ HPSOR\HG WR VWXG\ WKH LPSDFW RI WKHBE RQ WKUHHGLPHQVLRQDO 6,)V XVLQJ WKH
3DUNHU>@GDWD2QHVWXG\HYDOXDWHGWKH6,)VIRULQWHUQDOUDGLDOFUDFNVLQDJXQEDUUHOZLWKDXWRIUHWWDJH>@DQG
DQRWKHU VWXG\ LQYHVWLJDWHG LQWHUQDO ORQJLWXGLQDOO\FRSODQDU FUDFNV LQ D JXQ EDUUHO >@ 0RUH UHFHQW VWXGLHV
LQYHVWLJDWHGWKHFRPELQHGD[LDODQGFRSODQDUFUDFNV>@7KH6,)GXHWRDXWRIUHWWDJH.IAIRUDODUJHQXPEHURI
FUDFNFRQILJXUDWLRQVZDVHYDOXDWHGZLWKDQGZLWKRXWWKHBE ,WZDVIRXQGWKDWWKHBEUHGXFHGWKHEHQHILFLDO.IA
YDOXHE\XSWRDVFRPSDUHGWRWKHFDVHRI³LGHDO´DXWRIUHWWDJH$OVRWKHBEZDVIRXQGWRLQFUHDVHWKH.Ieff
YDOXHLQVRPHFDVHVE\FRPSDUHGWRWKHLULGHDODXWRIUHWWDJHFRXQWHUSDUWV>@+RZHYHUQRQHRIWKHVH
VWXGLHVWRGDWHKDVFRQVLGHUHGKRZWKHBEPD\LQIOXHQFHWKHFUDFNHGHURGHGF\OLQGHUV
,QWKHVWXGLHVRI>@DQDWWHPSWZDVPDGHWRLQWHJUDWHWKHBELQDQHURGHGFUDFNHGSUHVVXUL]HGF\OLQGHUZLWK
PXOWLSOHD[LDOHURVLRQVDQGRQHD[LDOHGJHFUDFN LHXVLQJRQO\'JHRPHWU\ IRU WKHHURVLRQVDQGFUDFNV  ,QD
PRUHUHFHQWVWXG\>@DQD[LDOHURVLRQD'JURRYHDQGDILQLWH'FUDFNHPDQDWLQJIURPWKHGHHSHVWOLQHVRI
WKHHURVLRQVXUIDFHV'/(6KDYHEHHQVWXGLHGWRFRQVLGHUWKHLPSDFWRI³LGHDO´DXWRIUHWWDJHZLWKRXWWKHBELH
WKH BE ,QGHSHQGHQW $XWRIUHWWDJH BEIA YHUVXV WKH ³UHDO´ DXWRIUHWWDJH ZLWK WKH BE LQFOXGHG LH WKH BE
'HSHQGHQW$XWRIUHWWDJHBEDADWIXOODXWRIUHWWDJHOHYHO<HWPRVWUHFHQWZRUN>@DGGUHVVHGWKHHIIHFWRI
ILQLWHHURVLRQVZLWKOLPLWUHVXOWVDQGGLVFXVVLRQV
,Q WKLV VWXG\ ZH FORVHO\ HYDOXDWH KRZ WKH FUDFN HOOLSWLFLW\ DIIHFWV WKH 6,)V ZKHQ FRPELQHG ZLWK ILQLWH '
HURVLRQV%HFDXVHWKHHIIHFWLYH6,)VPD\YDU\LQGLIIHUHQWSDWWHUQVDQGPDJQLWXGHVZKHQFRQVLGHUDWLRQLVJLYHQWR
WKH FRPELQDWLRQ RI FUDFN JHRPHWU\ FUDFN GHSWK DQG YDULRXV HURVLRQ JHRPHWULFDO FRQILJXUDWLRQV ZH IRFXV RXU
GLVFXVVLRQ IRU FDVHVRI FUDFN IURQW HOOLSWLFLW\PHDVXUHGE\ LWV HOOLSWLFLW\ UDWLR DFZKHQFUDFNGHSWKYDULHV IURP
DW  WR DW  ,QYHVWLJDWLRQ LV XQGHUWDNHQ WR HYDOXDWH KRZ WKH PD[LPXP HIIHFWLYH 6,)V YDU\ ZLWK WKH
ILQLWHQHVVRIHURVLRQOHQJWK/H/DQGKRZWKHDFFXUYHVFKDQJHLQYDOXHDQGRUGHUDVWKHFUDFNIURQWH[WHQGVLQWR
WKHF\OLQGHU
V WKLFNQHVV7KHSULPDU\ IRFXV LQ WKLV VWXG\ LV WR FDVHVKDYLQJ UHODWLYH HURVLRQGHSWK DQG HOOLSWLF
HURVLRQFDVHV$UFHURVLRQVDQGWKHLUHIIHFWVRQWKH6,)KDYHEHHQDGGUHVVHGHOVHZKHUH


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
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
)LJ0RGHORIWKHHURGHGF\OLQGHUZLWKDFUDFNHPDQDWLQJIURPWKHHURVLRQ'/(6D7KHPRGHORIWKHHURGHG
FUDFNHGF\OLQGHUZLWKV\PPHWULFDOSODQHVDW= T GHJDQGT GHJE7KHGHILQLWLRQRIWKHDQJOHI(URVLRQ
FRQILJXUDWLRQVGHILQHGFVHPLFLUFXODUGDUFDQGHHOOLSWLFHURVLRQV
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7KH0DWKHPDWLFDO0RGHO
)LJXUHGHSLFWVDTXDUWHURI WKHF\OLQGHUFRQWDLQLQJ WKH ILQLWHHURVLRQDQGFUDFNFRQVLGHUHG LQ WKLV VWXG\7KH
WKLFNZDOOHGF\OLQGHULVDVVXPHGWREHPDGHRIVWHHOZLWK<RXQJ¶VPRGXOXV(=uNVL*3D3RLVVRQ¶VUDWLR
Q=0.3 DQG\LHOG VWUHVVVy=NVL 03D7KH LQWHUQDOSUHVVXUH LV WDNHQDVp = Vy/ZKLFK LV W\SLFDORI
KLJKSUHVVXUHDSSOLFDWLRQVDQGZKLFKHQDEOHVFRPSDULVRQZLWK%HFNHUHWDO>@/HY\HWDO>@3HUOHWDO>@DQG
0DHWDO>@7KHLQWHUQDOSUHVVXUHLVDSSOLHGWRWKHVXUIDFHRIWKHERUHLQFOXGLQJWKHHURGHGVXUIDFHVDQGWKHFUDFN
VXUIDFHV)XUWKHUPRUHWKHF\OLQGHULVDVVXPHGWREHIXOO\DXWRIUHWWDJHGHLWKHUWKURXJKDQ³LGHDO´BEIASURFHVVRU
DPRUHUHDOLVWLFBEDASURFHVV
)RUDOOFDVHV WKHF\OLQGHU LVFRQVLGHUHGHODVWLFDQG LQILQLWHO\ ORQJFRQWDLQLQJD ILQLWHD[LDOJURRYHHURVLRQRI
GHSWKdKDOIOHQJWKRI/HDQGZLGWKKDWWKHLQQHUVXUIDFHRIWKHF\OLQGHUDQGVWUDLJKWIURQWHG)XUWKHUPRUHWKH
HODVWLFF\OLQGHUKDVDQLQQHUUDGLXVRiDQGRXWHUUDGLXVRoDQGZDOOWKLFNQHVVW1RWHWKDWWKHUDWLRRIRoDQGRiLV
WDNHQDVRo/Ri=2IRUDOORXUVWXGLHV
2.1. Finite Element Idealization 
7KHPHWKRGRORJ\GHVFULEHGKHUHWRH[WUDFWWKH6,)VZDVHVWDEOLVKHGE\%DUVRXP>@DQG2NDGDHWDO>@'XH
WRWKHYDULRXVV\PPHWULHVRIWKHJHRPHWULFDOFRQILJXUDWLRQVRQO\SDUWRIWKHF\OLQGHUPXVWEHDQDO\]HG7KHSODQHV
RI V\PPHWU\Z = 0 Z=-LT = 0 deg and T=180 deg VHH)LJD DOORZXV WRPRGHORQO\SDUWRI WKHF\OLQGHU
HQFORVHGZLWKLQWKHP7KHF\OLQGHULVDVVXPHGWRIUHHO\PRYHLQWKHD[LDOGLUHFWLRQDVLVFRPPRQO\K\SRWKHVL]HG
PHDQLQJ LW LV IUHH RI ORDGV DQG XQFRQVWUDLQHG DW LWV HQGV$V GHVFULEHG HOVHZKHUH LQ WKLV SDSHU WKH DXWRIUHWWDJH
UHVLGXDO VWUHVV ILHOG IRU ERWK Bauschinger Effect Dependent Autofrettage (BEDA) DQG Bauschinger Effect Independent 
Autofrettage (BEIA)LVVLPXODWHGE\WKHSURSHUHTXLYDOHQWWKHUPDOORDG
7KHPRGHO LV VROYHG XVLQJ $16<6 >@ D VWDQGDUG )( FRGH LQ WZR FRQVHFXWLYH VWHSV YLD WKH VXEPRGHOLQJ
WHFKQLTXH ,Q WKH ILUVW VWHS DJOREDOPHVKRI WKH HQWLUH VHJPHQW LV JHQHUDWHGXVLQJQRGH WHWUDKHGURQ HOHPHQWV
ZKLOHDSSO\LQJDKDOIDXWRPDWLFPHVKLQJSURFHGXUH7KHHOHPHQWVDUHYDULHGLQVL]HVPDOOQHDUWKHFUDFNIURQWDQG
JUDGXDOO\ LQFUHDVHG ZKHQ PRYLQJ DZD\ IURP LW DV VKRZQ LQ )LJ D DQG E )LJXUH E VKRZV WKH HURVLRQ
JHRPHWU\ DQG GHPRQVWUDWHV KRZ WKH PHVK GHQVLW\ FKDQJHV DV RQH PRYHV DZD\ IURP WKH FUDFN IURQW 7KH
GLVSODFHPHQWVREWDLQHGIURPWKHJOREDOPHVKDUHXVHGDVERXQGDU\FRQGLWLRQVIRUWKHVXEPRGHOLQWKHVHFRQGVWDJH
,Q WKH VHFRQG VWHS D WRURLGDO VXEPRGHO LV FUHDWHG FRYHULQJ WKH FUDFN IURQW DUHDZLWK WKUHH OD\HUV RI QRGH
LVRSDUDPHWULFHOHPHQWVDVVKRZQLQ)LJF(OHPHQWVFROODSVHGWRZHGJHVIRUPWKHVLQJXODUHOHPHQWVDWWKHFUDFN
IURQW >@ IRU WKH ILUVW OD\HUDVZHOODV WZRDGGLWLRQDOHOHPHQW OD\HUVDERYH WKH ILUVW OD\HU7KHGLVSODFHPHQWV
IURPWKHJOREDOVROXWLRQDFWDVERXQGDU\FRQGLWLRQVWRWKHRXWHUVXUIDFHRIWKHWKLUGOD\HU$FRPSDULVRQEHWZHHQ
WKHVWUHVVILHOGVRQWKHLQWHUIDFHVXUIDFHRIWKHJOREDODQGWKHVXEPRGHOVLVSHUIRUPHGWRHQVXUHDVPRRWKWUDQVLWLRQ
EHWZHHQWKHWZRVWDJHV
&RQYHUJHQFHWHVWVZHUHSHUIRUPHGXVLQJWKHVWUHVVLQWHQVLW\IDFWRUDVWKHFRQYHUJHQFHFULWHULRQ%DVHGRQWKHVH
WULDOVLWLVDQWLFLSDWHGWKDWWKHOHYHORIHUURUZLOOEHOHVVWKDQIRUPHVKHVRIPRUHWKDQGHJUHHVRIIUHHGRP
'2)IRUPRVWFDVHV 7\SLFDOPHVKHVLQFOXGHGDERXWWKRXVDQGHOHPHQWVZLWKWKRXVDQGQRGHV7KHRSWLRQ
ZKHUHWKHVRIWZDUHDXWRPDWLFDOO\DGMXVWHGHOHPHQWVVKDSHDQGDVSHFWUDWLRIRUDOOPHVKHVZDVDOZD\VFKRVHQ
6,)VDUHFDOFXODWHGIURPWKHVXEPRGHOUHVXOWVXVLQJWKHFRGH¶VFUDFNIDFHGLVSODFHPHQWH[WUDSRODWLRQSURFHGXUH
7KH6,)VZHUHFDOFXODWHGHYHU\GHJUHHVIURPI GHJWRGHJVHH)LJE7KHUHVXOWVRIWKHSUHVHQWPRGHO
ZHUHYDOLGDWHGDJDLQVW.Ieff.IPDQG.IAYDOXHVREWDLQHGE\3HUO>@DQG/HY\HWDO>@IRU³LGHDO´DXWRIUHWWDJH
$OOWKHUHVXOWVZHUHIRXQGWREHLQH[FHOOHQWDJUHHPHQW

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F
)LJ7KH)LQLWH(OHPHQW0RGHODDW\SLFDOJOREDOPHVKEDW\SLFDOPHVKDWWKHYLFLQLW\
RIWKHFUDFNIURQWF7KHFUDFNVXEPRGHOVKRZLQJWKHWRURLGOLNHILQLWHHOHPHQWPHVKZLWKWKH
WKLFNEODFNFXUYHWRLQGLFDWHZKHUHWKHFUDFNIURQWLVORFDWHG
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2.2. Autofrettage and Its Thermal Equivalent Simulation  
$V SUHYLRXVO\ PHQWLRQHG LQ RUGHU WR HQKDQFH WKH IUDFWXUH HQGXUDQFH RI SUHVVXUH YHVVHOV IDYRUDEOH UHVLGXDO
VWUHVVHVDUHRIWHQLQWURGXFHGE\WKHDXWRIUHWWDJHSURFHVV:KHQUDGLDOFUDFNLQJRFFXUVDWWKHF\OLQGHU¶VLQQHUVXUIDFH
WKHVHVWUHVVHVFDXVHXVXDOO\DQHJDWLYH6,)KIAZKLFKORZHUVWKHWRWDO.IDWWKHFUDFNWLSWKXVUHGXFLQJLWVJURZWK
UDWHXQGHUF\FOLF ORDGLQJ%DVHGRQ WKHDVVXPSWLRQRIYRQ0LVHV\LHOGFULWHULRQ WKH LQFRPSUHVVLELOLW\FRQGLWLRQV
DQGDQHODVWLFSHUIHFWO\SODVWLFPDWHULDOWKHSODQHVWUDLQVWUHVVGLVWULEXWLRQIRUDQLGHDODXWRIUHWWDJHF\OLQGHULVJLYHQ
E\ +LOO >@ 3X DQG +XVVDLQ >@ LPSOHPHQWHG D WHPSHUDWXUH ILHOG LQ D ILQLWH HOHPHQW DQDO\VLV RI D FUDFNHG
DXWRIUHWWDJHGF\OLQGHUWRVLPXODWHWKHDXWRIUHWWDJHHIIHFW7KH\KDYHGHPRQVWUDWHGWKDWWKHWKHUPDOORDGLQJQRWRQO\
DFWXDOO\ UHSURGXFHV WKH UHVLGXDO VWUHVVHV GXH WR DXWRIUHWWDJH LQ WKH LQWDFW YHVVHO EXW DOVR VLPXODWHV WKHLU
UHGLVWULEXWLRQ DFFXUDWHO\ RQFH WKH F\OLQGHU FUDFNV7KHUHIRUH WKHPRVW IHDVLEOHZD\ WR LQFRUSRUDWH WKHVH UHVLGXDO
VWUHVVHVZKLFKDUHFRQWLQXRXVO\UHGLVWULEXWHGGXHWRWKHFKDQJLQJJHRPHWU\LVWRVLPXODWHWKHPE\DFWLYHWKHUPDO
ORDGLQJ7KHWKHUPDOORDGLQJVLPXODWLRQSURFHVVLVGHVFULEHGLQGHWDLOLQ3HUODQG$URQp>@DQGLQ3HUO>@
3DUNHU¶V >@BEDA ILHOG LV JLYHQ QXPHULFDOO\ LQ WHUPV RI WKH UHVLGXDO KRRS VWUHVV YDOXHV DW GLVFUHWH SRLQWV
WKURXJKRXWWKHF\OLQGHU¶VZDOO3HUO>@SURYLGHGDQH[DFWQXPHULFDODOJRULWKPWKDWHQDEOHVWKHGLUHFWHYDOXDWLRQRI
WKHHTXLYDOHQWWHPSHUDWXUHILHOGIRUVLPXODWLQJDQ\DQDO\WLFDOO\RUQXPHULFDOO\H[SUHVVHGDXWRIUHWWDJHUHVLGXDOVWUHVV
ILHOG5HFHQWO\/HY\HWDO>@KDVVXFFHVVIXOO\DSSOLHG3HUO¶VDOJRULWKPWRSUHGLFW3DUNHU¶VBEDAUHVLGXDOVWUHVV
ILHOG7KHUHIRUHWKHHTXLYDOHQWWKHUPDOORDGREWDLQHGE\/HY\HWDO>@IRU3DUNHU¶VGLVFUHWHUHVLGXDOVWUHVVILHOG
KDVEHHQDGRSWHGLQWKLVVWXG\IRUHYDOXDWLQJWKHBEDA6,)VDWWKHDXWRIUHWWDJHOHYHOH 
$OWKRXJK WKH LQWURGXFWLRQ RI WKH HURVLRQV FDXVHV D KLJK VWUHVV FRQFHQWUDWLRQ DW LWV GHHSHVW SRLQW WKH KRRS
VWUHVVZKLFKDW WKLVSRLQW LVHTXDO WR WKHYRQ0LVHVHIIHFWLYHVWUHVVUHVXOWLQJIURPWKHSURFHVVRIDXWRIUHWWDJH LQ
HLWKHUBEIA RUBEDA FDQ UHDFK DWPRVWVy > @7KXV LQ WKHSUHVHQFHRI WKH HURVLRQV FRPSOHWH UHVLGXDO
VWUHVVUHGLVWULEXWLRQRFFXUV7KHQHZUHVLGXDOVWUHVVILHOGLVIRXQGWREHVLPLODUWRWKDWRIDIXOO\DXWRIUHWWDJHGQRQ
HURGHGF\OLQGHURILQQHUUDGLXVRic=Ri+dDQGRXWHUUDGLXVRo7KHUHIRUHLWLVEHWWHUWRVXSHULPSRVHWKH6,)IRUWKH
HURGHGLQWHUQDOSUHVVXUHFDVHVRQWKHQRQHURGHGDXWRIUHWWDJHFDVHVWRREWDLQDUHDOLVWLF6,)IRUDQHURGHGF\OLQGHU
XQGHU FRPELQHG LQWHUQDOSUHVVXUHDQGDXWRIUHWWDJH >@:HQRZVHH WKDW WKHDSSUR[LPDWLRQ IRU.IA LQ DQHURGHG
F\OLQGHULVVROHO\GHSHQGHQWRQWKHHURVLRQGHSWKDQGLVLQGHSHQGHQWRILWVVKDSH7KLVVLPSOLILFDWLRQDOORZVXVWR
REWDLQWKH.IAYDOXHVZLWKPXFKOHVVFRPSXWDWLRQDOWLPHDQGHIIRUWZKLOHVWLOO\LHOGLQJFRQVHUYDWLYHUHVXOWV,QWKLV
SDSHUIRUWKHVDNHRIFRQFLVHQHVVRQO\QRUPDOL]HGFRPELQHG6,)VZLOOEHSUHVHQWHGIRUGLVFXVVLRQ
2.3. Normalized Effective SIFs and Their Normalizers  
6WUHVV LQWHQVLW\ IDFWRUV.IP, .IA DQG.Ieff = .IP - | .IA | DUHREWDLQHG IRUYDULRXV FRPELQDWLRQVRI HURVLRQ DQG
FUDFN JHRPHWULFDO FRQILJXUDWLRQV DV PHQWLRQHG LQ WKH SUHYLRXV VHVVLRQV ,Q RUGHU WR HQDEOH VXSHUSRVLWLRQ RI WKH
SUHVVXUHDQGDXWRIUHWWDJHRIERWKBEIA DQGBEDAFDVHVDOO.IP, .IADQG.IeffDQG.max DUHQRUPDOL]HGZLWKUHVSHFW
WR
L 5S.    
%\ XVLQJ WKH QRUPDOL]HU  DOO WKH HIIHFWLYH PD[LPXP 6,)V FDQ EH FRPSDUHG ZLWKRXW FRQFHUQ IRU FUDFN
FRQILJXUDWLRQVWRFRPSOLFDWHWKHDQDO\VLV
5HVXOWVDQG'LVFXVVLRQ
3.1. SIF Distribution Pattern along the 3D Crack Front Affected by Crack Depth  
6,)GLVWULEXWLRQSDWWHUQDORQJWKH'FUDFNIURQWZDVZHOOGRFXPHQWHGSUHYLRXVO\LQOLWHUDWXUH+RZHYHUPRVWRI
WKHSUHYLRXVGLVFXVVLRQVIRFXVHGRQWKH6,)SDWWHUQVIRUSUHVVXUHFDVHVRQO\>@RUIRUFDVHVDIIHFWHGE\BEIA
DQGRUBEDAFRQGLWLRQVZLWKOLPLWHGLQIRUPDWLRQWKDWFRQFHUQFDVHVXVXDOO\ZLWKRQO\IL[HGFUDFNGHSWKRIUHODWLYH
FUDFNGHSWKDW DQGVHPLFLUFXODUHURVLRQRI UHODWLYHHURVLRQGHSWKGW >@ 6LQFH WKHVKDSHRI WKH6,)
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SDWWHUQ DIIHFWV IXQGDPHQWDOO\ KRZ DQGZKHUH WKHPD[LPXP6,) RFFXUVZH SUHVHQW WZR FDVHV LQ WKLVZULWLQJ WR
LOOXVWUDWHKRZWKH6,)SDWWHUQLVDIIHFWHGQRWRQO\E\WKHFUDFNHOOLSWLFLW\EXWDOVRE\WKHFUDFNGHSWKDQGSRVVLEO\E\
HURVLRQGHSWKDVZHOOEXWQRWLQFOXGHGLQWKLVGLVFXVVLRQDQGWKHPDWHULDOVSURSHUWLHV


)LJ7KH6,)GLVWULEXWLRQDORQJWKHFUDFNIURQWIRUDF\OLQGHUWKDWFRQWDLQVD
VWUDLJKWWKURXJKVHPLFLUFXODUHURVLRQGK 	/H/ RIFRQVWDQWGHSWK
GW DQGDVKDOORZFUDFNDW ZLWKWKUHHGLIIHUHQWVKDSHVDF DQG


)LJ7KH6,)GLVWULEXWLRQDORQJWKHFUDFNIURQWIRUDF\OLQGHUWKDWFRQWDLQVD
VWUDLJKWWKURXJKVHPLFLUFXODUHURVLRQGK 	/H/ RIFRQVWDQWGHSWKGW 
DQGDGHHSFUDFNDW ZLWKWKUHHGLIIHUHQWVKDSHVDF DQG
)RUDW\SLFDOYHU\VKDOORZFUDFNFDVH)LJSURYLGHVDSORWRIWKHQRUPDOL]HGHIIHFWLYH6,)VDORQJWKH'FUDFN
IURQW ,W UHSUHVHQWV WKH QRUPDOL]HG HIIHFWLYH 6,) GLVWULEXWLRQV DORQJ WKH IURQW RI D VHPLFLUFXODU VKDOORZ FUDFN RI
UHODWLYH GHSWK DW  RULJLQDWLQJ DW WKH '/(6 RI WKH HURVLRQ ZLWK UHODWLYH OHQJWK /H/  LQ DQ DXWRIUHWWDJHG
SUHVVXUL]HGF\OLQGHUZLWKBEDA)RUZLWKRXWBEIA)%DXVFKLQJHUHIIHFW$OOWKHVROLGFRQWLQXRXVFXUYHVZLWKVROLG
V\PEROVUHSUHVHQWWKHUHVXOWVRIBEDAZKLOHDOOWKHGDVKHGFXUYHVZLWKRSHQV\PEROVUHSUHVHQWWKHUHVXOWVRIBEIA
:HVHHWKDWWKHPD[LPXP6,)VRFFXUHLWKHUDWI GHJRUDWI GHJGHSHQGLQJRQZKDWWKHFUDFNFRQILJXUDWLRQ
LV )RU WKH FDVHV RI DF  DQG  WKHPD[LPXP 6,)V RFFXUV DW I  GHJ DQG WKH 6,) YDOXHV GHFUHDVHZLWK WKH
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LQFUHDVHRIWKHDQJOH7KLVLVEHFDXVH.IeffDWI GHJLVPRUHDPSOLILHGWKDQ.IeffDWI GHJGXHWRWKHIDFW
WKDWWKHVWUHVVFRQFHQWUDWLRQGHFUHDVHVDZD\IURPWKH'/(6DVGLVFXVVHGE\3HUOHWDO>@7KLVWUHQGRIWKHFXUYH
LVUHYHUVHGIRUWKHFDVHRIDF :KDWHYHUWKHFUDFNFRQILJXUDWLRQWKH6,)VDUHDOOVLJQLILFDQWO\DIIHFWHGE\WKH
SUHVHQFHRIWKH%DXVFKLQJHUHIIHFW7KLVLVDSSDUHQWE\QRWLFLQJWKHIDFWWKDWDOOWKHFRUUHVSRQGLQJUHVXOWVRIBEDA
DUHKLJKHUWKDQWKHLUFRXQWHUSDUWVRIBEIAFDVHV)RULQVWDQFHIRUDOOWKHHURGHGFDVHVFRQVLGHUHGKHUHLQWKHBEIA
XQGHUHVWLPDWHV WKHYDOXHVRI.IeffLQ WKH UDQJHRIZLWK UHVSHFW WR WKHLU FRXQWHUSDUWV7KLV LQGLFDWHV WKDW WKH
%DXVFKLQJHUHIIHFWLPSDFWVWKH6,)VVLJQLILFDQWO\DQGWKHUHIRUHLWPXVWEHFRQVLGHUHGLQRUGHUWRHYDOXDWHWKHIDWLJXH
OLIHRIVXFKSUHVVXUL]HGDXWRIUHWWDJHGF\OLQGHUVPRUHDFFXUDWHO\>@
)LJXUHGHPRQVWUDWHVKRZGLIIHUHQWWKH6,)GLVWULEXWLRQSDWWHUQLVIURPWKHSUHYLRXVRQH)RUGHHSFUDFNVWKH
FUDFNHOOLSWLFLW\KDVWKHPRVWVLJQLILFDQWHIIHFWRQLWVRYHUDOO6,)WUHQG&RQVLGHUWKHIDFWWKDWWKHVWUHVVFRQFHQWUDWLRQ
GHFUHDVHVDZD\IURPWKH'/(6DVGLVFXVVHGE\3HUOHWDO>@IRUFDVHVRIDFt7KLVIDFWLVWUXHIRUDSUHVVXUHDORQH
FDVHDVZHOODVIRUWKHDXWRIUHWWDJHFDVH7KHUHIRUHZKHQDFRPELQHGFDVHRISUHVVXUHDQGDXWRIUHWWDJHLVFRQVLGHUHG
WKH6,)SDWWHUQEHFRPHVPRUHFRPSOLFDWHGDQGLWVWUHQGGHSHQGVRQWKHFRPSHWLQJ6,)WUHQGVDZD\IURPWKH'/(6
EHWZHHQWKHSUHVVXUHDQGWKHDXWRIUHWWDJH)LJXUHUHIOHFWVVXFKDFRPSOH[LW\WKDW LVQRWGLVFXVVHGSUHYLRXVO\,Q
WKLV ILJXUH DOO WKH VROLG V\PEROV DUH DJDLQ WKHBEDA FDVHV:HREVHUYH WKDW DOO WKH FRXQWHUSDUWBEIA FDVHV DUH
VLJQLILFDQWO\ORZHUWKDWWKHBEDAFDVHV7KHXQGHUHVWLPDWLRQRIWKH6,)YDOXHVE\WKHBEIAFRXQWHUSDUWLVEHWZHHQ
DORQJWKHFUDFNIURQWIRUYDULRXVFDVHV7KLVPHDQVWKDWLIWKH.IeffLVODUJHUE\SHUFHQWWKHQWKHIDWLJXH
OLIH ZLOO EH VKRUWHU E\ DERXW      ,Q WKH PHDQWLPH ZH VHH WKDW WKH WUHQG RI DOO WKH BEIA FDVHV
GHPRQVWUDWHVWKDWDOOWKHPD[LPXPHIIHFWLYH6,)VDUHORFDWHGDWI GHJHYHQIRUWKRVHFDVHVRIFUDFNHOOLSWLFLW\
DFt 7KHUH LVVLPLODU WUHQGIRU WKHBEDAFDVHVEXWQRWDVSURQRXQFHGDV WKHBEIAFDVHV)RUH[DPSOH IRU WKH
FDVHVRIDF WKHPD[LPXPHIIHFWLYH6,)IRUWKLVFDVHLVDFWXDOO\ORFDWHGDWI GHJDQGWKHQWKH6,)GHFUHDVHV
DZD\IURPWKH'/(6:HDOVRVHHWKDWQHJDWLYHYDOXHVRIWKH.IeffDUHSUHVHQWIRUBEIAFDVHV7KLVVLPSO\LQGLFDWHV
WKDW WKH FUDFN LV FORVHG DQG WKH FUDFN SURSDJDWLRQ LV QRW SRVVLEOH XQGHU WKHBEIA FRQGLWLRQ DW WKHVH FUDFN IURQW
ORFDWLRQV
3.2. The Effects of Crack Ellipticity on Shallow Cracks Emanating from Elliptic Erosions  
)LJXUHVRYHUDOOGHPRQVWUDWHKRZWKHFUDFNHOOLSWLFLW\DIIHFWVWKHPD[LPXPHIIHFWLYH6,)VZKHQFUDFNGHSWK
LVVKDOORZDWdDQGZKHQWKHF\OLQGHULVZLWKWKHSUHVHQFHRIHOOLSWLFHURVLRQV)RUDOOWKHHOOLSWLFHURVLRQFDVHV
XVHG LQ WKLV ZULWLQJ WKH 6,)V DUH HYDOXDWHG DW WKH FRQVWDQW HURVLRQ GHSWK WR ZDOO WKLFNQHVV UDWLR GW  7KH
HURVLRQHOOLSWLFLW\GK LV LQ WKH UDQJHRIDQG $ VHPLFLUFXODU HURVLRQ LV UHSUHVHQWHGE\GK  :KHQ WKH
YDOXHRIGKLQFUHDVHVWKHHURVLRQEHFRPHVQDUURZHUEXWWKHGHSWKRIWKHHURVLRQLVNHSWFRQVWDQW
)LJXUHVKRZVKRZWKHQRUPDOL]HGPD[LPXP6,)VYDU\DVDIXQFWLRQRIWKHUHODWLYHHURVLRQOHQJWK/H/DQGWKH
GHJUHH RI FUDFN HOOLSWLFLW\ DF    IRU D YHU\ VKDOORZ FUDFN RI UHODWLYH GHSWK DW  7KH HURVLRQ LV WKH
VKDOORZHVWHURVLRQRIHOOLSWLFLW\RIGK DPRQJDOOWKHFDVHVVWXGLHGKHUHLQDQGZLWKDGHSWKRIZDOOWKLFNQHVV
,WFDQEHVHHQWKDWWKHPD[LPXPHIIHFWLYH6,)VDOZD\VLQFUHDVHZLWKWKHLQFUHDVHRIWKHUHODWLYHHURVLRQOHQJWK
/H/+RZHYHUWKHLQFUHDVHRIWKHPD[LPXPHIIHFWLYH6,)VEHFRPHPXFKOHVVGUDPDWLFZKHQWKHHURVLRQOHQJWKLV
ODUJHUWKDQ/H/ 7KLVPDNHVVHQVHVLPSO\EHFDXVHWKHVPDOOHUWKHHURVLRQHOOLSWLFLW\WKHVKDOORZHUWKHHURVLRQ
EHFRPHVZKLFK UHGXFHV WKHVWUHVVFRQFHQWUDWLRQ LQJHQHUDOQHDU WKHFUDFN ORFDWLRQDQGPDNHV WKHHURVLRQ OHQJWK
OHVVVLJQLILFDQW WR WKHFKDQJHRI WKH6,)PDJQLWXGH7KLVREVHUYDWLRQ LVVLPLODU WR WKHHIIHFWRI WKRVHDUFHURVLRQV
ZKHQWKHHURVLRQDUFUDGLXVLVODUJHUcW DVGLVFXVVHGHOVHZKHUHLQDFRPSDQLRQSDSHU
7KHHIIHFWRIWKHGHJUHHRIFUDFNHOOLSWLFLW\DSSHDUVQRWDVVLJQLILFDQWDVRWKHUIDFWRUVWKDWDIIHFWWKHPDJQLWXGHRI
WKHHIIHFWLYH6,)V$WWKHVDPH/H/DORQJWKHD[LVRIWKHHQWLUHUHODWLYHHURVLRQOHQJWK/H/WKHODUJHVWYDOXHVRI
WKHPD[LPXPHIIHFWLYH6,)VUHVWRQWKHFUDFNHOOLSWLFLW\DF ZKLOHWKHORZHVWYDOXHVDUHRQWKHDF FXUYH
7KHYDOXHVRI WKHPD[LPXPHIIHFWLYH6,)VRQ WKHDF FXUYHDUHVWLOODERXWORZHU LQFRPSDULVRQZLWK
WKRVHRQ WKHDF FXUYHH[FHSW WKDWDW WKHQRQHURGHGFDVH 7KHUHIRUH WKHHIIHFWRI WKHFUDFNHOOLSWLFLW\ LV VWLOO
VLJQLILFDQWHQRXJKWREHGLVWLQJXLVKHGHYHQIRU WKLVYHU\VKDOORZFUDFNDQGYHU\VKDOORZHURVLRQFDVH7KLVKROGV
WUXHURXJKO\ IRUERWKBEIADQGBEDAFDVHV+RZHYHU WKHBEIAYDOXHVDUHDOZD\VPXFK ORZHU WKDQ WKHLUBEDA
FRXQWHUSDUWVLQWKHUDQJHRIH[FHSWIRUWKHQRQHURGHG/H/ FDVHZKLFKLVHYHQORZHUDWDERXW
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6LPLODUWR)LJ)LJVKRZVUHVXOWVRIWKHQRUPDOL]HGPD[LPXPHIIHFWLYH6,)VIRUDF\OLQGHUWKDWFRQWDLQVD
YHU\VKDOORZFUDFNDW DFRQVWDQWHURVLRQGHSWKGW ZLWKDlargeHURVLRQHOOLSWLFLW\UDWLRGK ZKLFKLV
FRUUHVSRQGLQJWRWKHVHPLFLUFXODUHURVLRQFDVH


)LJ7KHHIIHFWRIFUDFNHOOLSWLFLW\DQGHURVLRQOHQJWKILQLWHQHVVRIFRQVWDQWGHSWK
GW RQWKHQRUPDOL]HGPD[LPXPHIIHFWLYH6,)VIRUDVKDOORZFUDFNRI
UHODWLYHFUDFNGHSWKDW DQGDQHOOLSWLFHURVLRQGK 


)LJ7KHHIIHFWRIFUDFNHOOLSWLFLW\DQGHURVLRQOHQJWKILQLWHQHVVRIFRQVWDQWGHSWK
GW RQWKHQRUPDOL]HGPD[LPXPHIIHFWLYH6,)VIRUDVKDOORZFUDFNRI
UHODWLYHFUDFNGHSWKDW DQGDQHOOLSWLFHURVLRQGK 
,W FDQ EH VHHQ WKDW IRU DOO WKH FDVHV SUHVHQWHG KHUHLQ WKH PD[LPXP HIIHFWLYH 6,)V DOZD\V LQFUHDVH ZLWK WKH
LQFUHDVHRIWKHUHODWLYHHURVLRQOHQJWK/H/$QGWKHULVLQJWUHQGRIWKHFXUYHVODVWWKURXJKWKHHQWLUHUHODWLYHHURVLRQ
OHQJWKUDQJHLQYHVWLJDWHG7KLVLVYHU\GLIIHUHQWIURPWKHFDVHZKHQWKHHURVLRQHOOLSWLFLW\EHFRPHVYHU\VPDOOVXFK
DVVKRZQRQWKHSUHYLRXVILJXUHDWGK IRUZKLFKWKHLQFUHDVHRIWKHQRUPDOL]HGPD[HIIHFWLYH6,)VEHFRPHV
PXFKOHVVVLJQLILFDQWZKHQ/H/!
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+RZHOOLSWLFDFUDFNDSSHDUVWREHLVLQVLJQLILFDQWIRUVRPHFDVHVLQFRPSDULVRQZLWKRWKHUIDFWRUVWKDWDIIHFWWKH
PDJQLWXGHRIWKHHIIHFWLYH6,)V)RUH[DPSOHZKHQDF DQGWKHHIIHFWLYH6,)VDUHYHU\FORVHWRHDFKRWKHUIRU
FDVHVKDYLQJWKHVDPHDXWRIUHWWDJHFRQGLWLRQZKHWKHUBEIARUBEDA+RZHYHUWKHPD[LPXPHIIHFWLYH6,)VDUHLQ
JHQHUDO VLJQLILFDQWO\ ORZHU IRU WKH DF  FDVH FRPSDUHG WR WKH DF  DQG FDVHV ,Q WKHPHDQWLPH WKH LGHDO
DXWRIUHWWDJH BEIA XQGHUHVWLPDWHV WKH PD[ HIIHFWLYH 6,)V IURP  WR  7KH XQGHUHVWLPDWLRQ GHFUHDVHV
VLJQLILFDQWO\ZLWKWKHLQFUHDVHRIUHODWLYHHURVLRQOHQJWK/H/
)LJXUHVKRZVKRZWKHQRUPDOL]HGPD[LPXP6,)VYDU\DVDIXQFWLRQRIWKHUHODWLYHHURVLRQOHQJWK/H/DQGWKH
GHJUHH RI FUDFN HOOLSWLFLW\ DF    IRU D YHU\ VKDOORZ FUDFN RI UHODWLYH GHSWK DW  DQGZLWK WKH ODUJHVW
HURVLRQHOOLSWLFLW\GK ZKLFKUHSUHVHQWVWKHPRVWVOHQGHUHURVLRQDPRQJDOOWKRVHVWXGLHGKHUHLQ
7KHULVLQJWUHQGIRUWKLVFDVHLVYHU\VLPLODUWRZKDWLVREVHUYHGLQWKHSUHYLRXVILJXUH+RZHYHURQHPD\QRWLFH
DVLJQLILFDQWGLIIHUHQFHEHWZHHQ)LJDQGLVWKHVZLWFKLQWKHRUGHURIWKHFXUYHVEHWZHHQWKHDF DQGDF 
,QRWKHUZRUGVWKHPRVWGDQJHURXVFUDFNFRQILJXUDWLRQIRUWKLVFDVHLVDF 7KHORZHVWYDOXHVRIWKHPD[LPXP
HIIHFWLYH6,)VIRUWKLVFDVHUHVWRQWKHFXUYHRIDF XQGHUERWKBEIADQGBEDAFRQGLWLRQV7DNLQJDQH[DPSOH
FRQVLGHULQJWKHBEDADWDF DQGDWDF WKHYDOXHVRQWKHDF DUHORZHUWKDQWKRVHRQWKHDF 
+RZHYHUWKHYDOXHVRQWKHDF DUHRQO\ORZHUWKDQWKRVHRQWKHDF FXUYH7KHUHIRUHWKHDF FUDFN
FRQILJXUDWLRQEHFRPHVWKHOHDVWGDQJHURXVLQWKLVFDVHRSSRVLWHWRZKDWLVREVHUYHGRQ)LJ7KXVLWLVRIJUHDW
LPSRUWDQFHWRYLHZWKHFUDFNHOOLSWLFLW\HIIHFWRQWKHPD[LPXPHIIHFWLYH6,)VZKHQFRQVLGHUHGLQFRPELQDWLRQZLWK
RWKHUIDFWRUVHVSHFLDOO\WKRVHRIILQLWHOHQJWKHURVLRQDQGHURVLRQHOOLSWLFLW\
2QHPD\VHHWKDWWKHLQFUHDVHVRIWKHHIIHFWLYH6,)VIURPWKDWRIWKHQRQHURVLRQFDVHVDUHQRWOLQHDUVLQFHDPXFK
VKDUSHUULVHLVFOHDUO\VHHQIURP/H/ WR/H/ 7KHQWKHLQFUHDVLQJWUHQGRIWKRVHFXUYHVEHFRPHYHU\PLOG
DV VKRZQ LQ )LJ  ZKHQ /H/! 7DNLQJBEDA FDVHV IRU LQVWDQFH WKH QRUPDOL]HG PD[LPXP HIIHFWLYH 6,)V
LQFUHDVHVZLWKDQDYHUDJHVORSHWREHEHWZHHQDQGIURP/H/ WR/H/ +RZHYHUWKHDYHUDJHVORSH
LVRQO\EHWZHHQDQGIURP/H/ WR/H/ IRUDOOWKHFUDFNFRQILJXUDWLRQVLQYHVWLJDWHGLQ)LJ)RU
WKRVH FDVHVSUHVHQWHGRQ)LJ  WKH DYHUDJH VORSH LVEHWZHHQ DQG IURP/H/  WR/H/ ZKLOH WKH
VORSH LV EHWZHHQ  DQG  IURP /H/  WR /H/  7KLV GHPRQVWUDWHV WKH ULVLQJ WUHQG EHFRPHV PRUH
VLJQLILFDQWWKURXJKRXWWKHHQWLUH/H/UDQJHZKHQWKHHURVLRQHOOLSWLFLW\GKEHFRPHVODUJH


)LJ7KHHIIHFWRIFUDFNHOOLSWLFLW\DQGHURVLRQOHQJWKILQLWHQHVVRIFRQVWDQWGHSWK
GW RQWKHQRUPDOL]HGPD[LPXPHIIHFWLYH6,)VIRUDVKDOORZFUDFNRI
UHODWLYHFUDFNGHSWKDW DQGDQHOOLSWLFHURVLRQGK 
,QDGGLWLRQWRWKHULVLQJWUHQGRIWKHQRUPDOL]HGPD[LPXPHIIHFWLYH6,)VRQHPD\QRWLFHWKDWWKHUHLVDPLVVLQJ
SRLQWDW/H/ IRUWKHFDVHDWDF IRUERWKBEDADQGBEIAFDVHV7KHUHDVRQLVEHFDXVHWKHHURVLRQUXQV
LQWRWKHFUDFNIURQWIRUWKLVFDVHDQGWKHYDOXHVRIWKH6,)VFRXOGQRWEHREWDLQHGIURPWKHSURJUDP$W/H/ IRU
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DF WKHSURJUDPDJDLQKDVSUREOHPVKDQGOLQJWKHPHVKLQJVHWXS7RSUHFOXGHWKLVSUREOHPWKHSURJUDPZDV
UXQDW/H/ DQGWKDWYDOXHLVJLYHQRQWKHJUDSK
)LJXUH  GHPRQVWUDWHV KRZ WKH QRUPDOL]HGPD[LPXP HIIHFWLYH 6,)V DUH DIIHFWHG E\ WKH FUDFN HOOLSWLFLW\ DV D
IXQFWLRQ RI WKH HURVLRQ FRQILJXUDWLRQ GK RI FRQVWDQW GHSWK GW  IRU VKDOORZ FUDFNV RI UHODWLYH FUDFN GHSWK
DW 7KHVROLGFXUYHVZLWKVROLGV\PEROVUHSUHVHQWWKRVHUHVXOWVZKHQ/H/ 7KHGDVKHGFXUYHVZLWKVROLG
V\PEROVUHSUHVHQW WKRVHUHVXOWVZKHQ/H/ ZKLFKDUH WKHKLJKHVWFXUYHVRQWKHJUDSK7KHGDVKHGFXUYHVZLWK
RSHQV\PEROVUHSUHVHQWWKRVHUHVXOWVZKHQ/H/ ZKLFKDUHWKHORZHVWFXUYHVRQWKHJUDSK,WLVFOHDUWKDWWKH
PD[LPXPHIIHFWLYH6,)V LQFUHDVHZLWK WKH LQFUHDVHRI HURVLRQHOOLSWLFLW\ UDWLRGK7KLV LVEHFDXVH WKH ODUJHU WKH
HOOLSWLFLW\ UDWLR WKHQDUURZHU WKH HURVLRQZKLFK FDXVHVPRUH VHYHUH VWUHVV FRQFHQWUDWLRQ DW WKH WLSRI HURVLRQDQG
PRUHVHYHUHVWUHVVILHOGIRUWKHQHDUE\FUDFNIURQWWKXVLQFUHDVLQJWKH6,)
,QWKHPHDQWLPHLWLVRIQRVXUSULVHWKDWWKHDFFXUYHVPD\FURVVHDFKRWKHUDWFHUWDLQORFDWLRQDORQJWKHGKD[LV
7KLVLQGLFDWHVWKDWDQ\DFFXUYHPD\FKDQJHLWVGRPLQDQFHZKHQRWKHUIDFWRUVDUHWDNHQLQWRDFFRXQW)RUH[DPSOH
WKHFXUYHRIDF PD\IDOOIURPWKHKLJKHVWSRVLWLRQWRWKHORZHVWSRVLWLRQDORQJWKHGKD[LVDVVKRZQLQ)LJ
7KLVREVHUYDWLRQLVIRXQGWUXHIRUPDQ\FDVHVVWXGLHGKHUHLQ7KLVIDFWLVVLPSO\WKHUHVXOWRIWKHFRPELQHGHIIHFW
IURP WKH SUHVVXUH ORDGBEDA DQGBEIA FRQGLWLRQV DQG RWKHUPXOWLSOH IDFWRUV GXH WR WKH YDULDWLRQ RI FUDFN DQG
HURVLRQJHRPHWULHV6LPLODUREVHUYDWLRQVKDYHEHHQIRXQGE\0DHWDO>@
)LJXUHV  WKUX  VKRZ VLPLODU UHVXOWV DV ILJXUHV IURP  WR  EXW GHHSHU FUDFNV +RZHYHU 7KHVH UHVXOWV
GHPRQVWUDWHWKDWWKHHIIHFWRIWKHFUDFNHOOLSWLFLW\RQWKHQRUPDOL]HGPD[HIIHFWLYH6,)VDUHPRUHSURQRXQFHGDVWKH
FUDFNGHHSHQV DW  IRUSUHYLRXV FDVHVYV DW  IRU FXUUHQWRQHV7KLV DUJXPHQW LV FOHDUO\ VHHQZKHQRQH
UHDOL]HVKRZPRUHRIDVSUHDGEHWZHHQWKHFXUYHVH[LVWVDPRQJGLIIHUHQWOHYHOVRIFUDFNHOOLSWLFLW\IURPDF WR
DVVKRZQLQ)LJWKURXJKIRUERWKBEDADQGBEIAFDVHV
/HW¶V WDNH WKH BEDA FDVHV LQ )LJ  DV DQ H[DPSOH 6WDUWLQJ ZLWK WKH QRQHURGHG F\OLQGHU WKH QRUPDOL]HG
PD[LPXPHIIHFWLYH6,)VDW/H/  IRUDF DQGDF DUH VROLGFLUFOH V\PERODQG VROLGGLDPRQG
V\PEROUHVSHFWLYHO\ZKLFKDUHDSSUR[LPDWHO\WKHVDPHLQPDJQLWXGH%XWWKHQRUPDOL]HGPD[LPXPHIIHFWLYH6,)V
IRU DF  VROLG WULDQJOH V\PERO LVPXFK ORZHU LQPDJQLWXGH DW  7KLV WUHQG LV NHSW DV WKH HURVLRQ OHQJWK
LQFUHDVHV7KHQRUPDOL]HGPD[6,)VLQFUHDVHVWKHPRVWXSWR/H/ WKHQWKHVORSHVGHFUHDVHDVWKHHURVLRQOHQJWK
LQFUHDVHV,QWKHUHJLRQ/H/!WKHFXUYHRIDF LVORZHUWKDQWKHDF FXUYHEXWWKHDF FXUYH
LVORZHUWKDQWKHDF FXUYH7KXVWKHDF LVDPXFKOHVVFULWLFDOFRQILJXUDWLRQWKDQRWKHUFUDFN
OHYHOVRIHOOLSWLFLW\


)LJ7KHHIIHFWRIFUDFNHOOLSWLFLW\RQWKHQRUPDOL]HGPD[LPXPHIIHFWLYH6,)VDV
DIXQFWLRQRIHURVLRQHOOLSWLFLW\RIFRQVWDQWGHSWKGW DQGDVKDOORZFUDFNRI
UHODWLYHFUDFNGHSWKDW 
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
)LJ7KHHIIHFWRIFUDFNHOOLSWLFLW\DQGHURVLRQOHQJWKILQLWHQHVVRIFRQVWDQWGHSWK
GW RQWKHQRUPDOL]HGPD[LPXPHIIHFWLYH6,)VIRUDVKDOORZFUDFNRI
UHODWLYHFUDFNGHSWKDW DQGDQHOOLSWLFHURVLRQGK 


)LJ7KHHIIHFWRIFUDFNHOOLSWLFLW\DQGHURVLRQOHQJWKILQLWHQHVVRIFRQVWDQW
GHSWKGW RQWKHQRUPDOL]HGPD[LPXPHIIHFWLYH6,)VIRUDVKDOORZFUDFNRI
UHODWLYHFUDFNGHSWKDW DQGDQHOOLSWLFHURVLRQGK 
)LJXUHVDQGGHPRQVWUDWHVLPLODUEHKDYLRURIWKHDFHIIHFWRQWKHQRUPDOL]HGPD[LPXPHIIHFWLYH6,)VDVD
IXQFWLRQ RI WKH UHODWLYH HURVLRQ OHQJWK/H/ZKHQ WKH HURVLRQ FRQILJXUDWLRQEHFRPHV QDUURZHU LH WKH GK UDWLR
EHFRPHVODUJHU,QFRPSDULVRQZLWKWKHVKDOORZHUHURVLRQFDVHVKRZQLQ)LJWKHFXUYHVLQ)LJVDQGFOHDUO\
VKRZ DPXFK PRUH VLJQLILFDQW MXPS IURP WKH ORZ6,)YDOXHV RI WKH QRQHURVLRQ FDVH WR WKH HURVLRQ FDVHZKHQ
/H/!$WWKHVDPHWLPHZHDOVRVHHWKDWWKHDF EHFRPHVPRUHGRPLQDQWWKDQDQGVHSDUDWHGIURPWKHDF 
FXUYHZKLOHWKHDF NHHSVLWVPXFKOHVVVLJQLILFDQWVWDWXVWKDQWKHRWKHUWZRFUDFNFRQILJXUDWLRQV
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
)LJ7KHHIIHFWRIFUDFNHOOLSWLFLW\DQGHURVLRQOHQJWKILQLWHQHVVRIFRQVWDQW
GHSWKGW RQWKHQRUPDOL]HGPD[LPXPHIIHFWLYH6,)VIRUDVKDOORZFUDFNRI
UHODWLYHFUDFNGHSWKDW DQGDQHOOLSWLFHURVLRQGK 
7DNLQJDFORVHUORRNDW)LJWKHDYHUDJHVORSHLVEHWZHHQDQGIURP/H/ WR/H/ ZKLOHWKH
VORSHLVEHWZHHQDQGIURP/H/ WR/H/ 7KLVDJDLQGHPRQVWUDWHVWKHULVLQJWUHQGLVRQO\VLJQLILFDQW
ZKHQ/H/7KHHIIHFWLYHPD[LPXP6,)VEHFRPHPXFKOHVVVHQVLWLYHZKHQ/H/!$WWKHVDPHWLPHWDNLQJ
WKHBEDADQG/H/!FDVHVWKHYDOXHVRIWKHDF FXUYHDUHORZHUE\WRIRU/H/ DQG/H/ 
UHVSHFWLYHO\ ,Q WKH PHDQWLPH WKH YDOXHV RI WKH DF  FXUYH DUH ORZHU E\  WR  FRUUHVSRQGLQJ WR
/H/ DQG/H/ UHVSHFWLYHO\7KLVVKRZVWKDWWKHDF FUDFNFRQILJXUDWLRQSURGXFHVWKHORZHVWFUDFNWLS
VWUHVVVHYHULW\DQGLVWKHOHDVWKDUPIXOWRWKHF\OLQGHUOLIH


)LJ7KHHIIHFWRIFUDFNHOOLSWLFLW\RQWKHQRUPDOL]HGPD[LPXPHIIHFWLYHBEDA
6,)VDVDIXQFWLRQRIHURVLRQHOOLSWLFLW\RIFRQVWDQWGHSWKGW DQGDVKDOORZ
FUDFNRIUHODWLYHFUDFNGHSWKDW 
7KH FORVHQHVV LQ 6,) YDOXHV RI WKH FRUUHVSRQGLQJ JUDSKV EHWZHHQ )LJV  DQG  GHPRQVWUDWHV WKDW WKH
PD[LPXPHIIHFWLYH6,)VDUHDOPRVWLQVHQVLWLYHWRWKHLQFUHDVHRIWKHHURVLRQHOOLSWLFLW\UDWLRIURPGK WRGK 
7KLVIDFWLVIXUWKHULOOXVWUDWHGRQ)LJ






     
.
ef
fM
ax
.
00
/H/
DF %(,$ DF %('$
DF %(,$ DF %('$
DF %(,$ DF %('$







    
.
ef
fM
ax
.
00
GK
DF /H/ 
DF /H/ 
DF /H/ 
724   Q. Ma et al. /  Procedia Engineering  130 ( 2015 )  711 – 730 
)LJXUHVKRZVKRZWKHBEDAPD[LPXPHIIHFWLYH6,)VYDU\ZLWKWKHHURVLRQHOOLSWLFLW\UDWLRGKDW/H/ 
$VH[SHFWHGLQFUHDVLQJWUHQGLVGHPRQVWUDWHGRQWKHJUDSKDVWKHLQFUHDVHRIGKUDWLR)RUDOOWKHFDVHVWKHDF 
LV WKHORZHVWZKLOH WKHFXUYHVRIDF DQGDOPRVWFROODSVHRQWRHDFKRWKHUDW WKHORZYDOXHVRIGKUDWLRDQG
GHSDUWJUDGXDOO\DVWKHGKUDWLRLQFUHDVHV:HFDQVHHWKDWWKHPRVWGDQJHURXVFUDFNFRQILJXUDWLRQLVDF ,QIDFW
WKHPD[LPXPHIIHFWLYH6,)VRQWKHDF FXUYHDUHKLJKHUWKDQWKRVHRQWKHDF FXUYH
7KHVHUHVXOWVLQGLFDWHWKDWDVPDOOFKDQJHLQHURVLRQOHQJWKIRUHURVLRQV/H/DIIHFWWKHPD[LPXPHIIHFWLYH
6,)VPRUHVLJQLILFDQWO\IRUGHHSHUFUDFNV&UDFNHOOLSWLFLW\SOD\VDQLPSRUWDQWUROHRQWKHPDJQLWXGHVRIWKH6,)VLQ
FRPELQDWLRQ RI WKH HURVLRQ ILQLWHQHVV DQG HURVLRQ JHRPHWULFDO FRQILJXUDWLRQV 7KLV EHFRPHV HYHQ PRUH HYLGHQW
ZKHQRQHUHDGVWKURXJKWKHVXEVHTXHQWVHFWLRQ
3.3. The Effects of Crack Ellipticity on Deep Cracks Emanating from Elliptic Erosions  
)LJXUHV WKUXRYHUDOOGHPRQVWUDWHKRZ WKHFUDFNHOOLSWLFLW\DIIHFWV WKHPD[LPXPHIIHFWLYH6,)VZKHQ WKH
FUDFNLVGHHSLHDWDW DQGZKHQWKHF\OLQGHUFRQWDLQVHOOLSWLFHURVLRQV
)LJXUHVDQGDUHYHU\PXFKDOLNH7KHGLIIHUHQFHDPRQJWKHVHWKUHHJUDSKVLVLQIDFWPLQLPDOZKLFK
LQGLFDWHVWKHHOOLSWLFLW\HIIHFWVRIWKHHURVLRQVRQWKHPD[LPXPHIIHFWLYH6,)VDUHLQVLJQLILFDQWIRUYHU\GHHSFUDFN
FDVHV7KLVREVHUYDWLRQLVIXUWKHUGHPRQVWUDWHGLQ)LJ,QWKLVILJXUHRQO\BEDAUHVXOWVDW/H/ DUHVKRZQ
5HJDUGOHVVZKDWFUDFNFRQILJXUDWLRQLVSUHVHQWWKHHURVLRQHOOLSWLFLW\SOD\VDOPRVWQRUROHRQWKHPDJQLWXGHRIWKH
PD[ HIIHFWLYH 6,)V +RZHYHU GLIIHUHQW OHYHOV RI FUDFN HOOLSWLFLW\ \LHOGV GLIIHUHQW PDJQLWXGHV RI WKH 6,)V )RU
LQVWDQFH WKH PD[ HIIHFWLYH 6,)V DUH WKH ODUJHVW IRU WKH FUDFN HOOLSWLFLW\ DF  7KH RWKHU WZR FRQILJXUDWLRQV
SURGXFH VLJQLILFDQWO\ ORZHU PD[LPXP HIIHFWLYH 6,)V )URP )LJ  LQ WKH UDQJH RI /H/! WKH PD[LPXP
HIIHFWLYHBEDA6,)VDUHDERXWORZHUIRUWKHDF FXUYHWKDQIRUWKHDF FXUYH+RZHYHUWKHPD[LPXP
HIIHFWLYHBEDA6,)VDUHDERXWORZHUIRUWKHFXUYHRIDF WKDQIRUWKHFXUYHRIDF 0HDQZKLOHWKH
GLIIHUHQFHEHWZHHQWKHDF DQGDF FXUYHVIDOOVEHWZHHQDQGGHSHQGLQJRQWKHYDOXHRI/H/
7KH ULVLQJ WUHQGV LQ /H/ DJDLQ IROORZ WKH VDPH REVHUYDWLRQV DV GLVFXVVHG SUHYLRXVO\ 1DPHO\ WKH PRVW
VLJQLILFDQW LQFUHDVH LVZKHQ/H/$V D FRPSDULVRQ IRU DOO WKH FDVHV VKRZQ LQ)LJ  WKH DYHUDJH VORSH LV
EHWZHHQDQGIRU/H/ZKLOHWKHDYHUDJHVORSHIDOOVRQO\EHWZHHQDQGIRUFDVHVRI/H/!
7KLVREVHUYDWLRQKROGVURXJKO\WUXHIRUWKHUHVXOWVVKRZQRQ)LJDQGDVZHOO


)LJ7KHHIIHFWRIFUDFNHOOLSWLFLW\DQGHURVLRQOHQJWKILQLWHQHVVRIFRQVWDQW
GHSWKGW RQWKHQRUPDOL]HGPD[LPXPHIIHFWLYH6,)VIRUDGHHSFUDFNRI
UHODWLYHFUDFNGHSWKDW DQGDQHOOLSWLFHURVLRQGK 
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
)LJ7KHHIIHFWRIFUDFNQRQFLUFXODULW\DQGHURVLRQOHQJWKILQLWHQHVVRIFRQVWDQW
GHSWKGW RQWKHQRUPDOL]HGPD[LPXPHIIHFWLYH6,)VIRUDGHHSFUDFNRI
UHODWLYHFUDFNGHSWKDW DQGDQHOOLSWLFHURVLRQGK 

,WLVDJDLQZRUWK\WRPHQWLRQWKDWWKHRUGHURIWKHDFFXUYHVLVHVVHQWLDOO\UHYHUVHGIRUWKHGHHSFUDFNFDVHVDV
VKRZQ RQ )LJV  WKDQ WKRVH RQ )LJV  6R WKH PRVW VWULNLQJ GLIIHUHQFH REVHUYHG IURP )LJV  LQ
FRPSDULVRQZLWKWKHSUHYLRXVRQHVRI)LJVLVWKHZD\WKHFUDFNIURQWHOOLSWLFLW\DIIHFWVWKHPD[HIIHFWLYH6,)V
,Q)LJVZHVHH WKDW WKHDF FDVHVDUHPRUHFULWLFDO WKDQ WKHRWKHU WZRFRQILJXUDWLRQVRIDF DQG
FDVHVZKLFKLVDQRSSRVLWHWUHQGWRWKHHIIHFWRIDFRQWKHPD[LPXPHIIHFWLYH6,)VIRU)LJIRUH[DPSOH7KXV
LWDSSHDUVWKDWDWVRPHDWWKHDFFXUYHFKDQJHVLWVRUGHU7KLVVKDOOQRWEHDVXUSULVHVLQFHWKHFRPELQDWLRQRIFUDFN
FRQILJXUDWLRQVFUDFNGHSWKDQGHURVLRQVLQDGGLWLRQWRSUHVVXUHDQGDXWRIUHWWDJHDUHLQIDFWFRPSOLFDWHG

)LJ7KHHIIHFWRIFUDFNQRQFLUFXODULW\DQGHURVLRQOHQJWKILQLWHQHVVRIFRQVWDQW
GHSWKGW RQWKHQRUPDOL]HGPD[LPXPHIIHFWLYH6,)VIRUDGHHSFUDFNRI
UHODWLYHFUDFNGHSWKDW DQGDQHOOLSWLFHURVLRQGK 
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
)LJ7KHHIIHFWRIFUDFNHOOLSWLFLW\RQWKHQRUPDOL]HGPD[LPXPHIIHFWLYHBEDA
6,)VDVDIXQFWLRQRIHURVLRQHOOLSWLFLW\RIFRQVWDQWGHSWKGW DQGDGHHSFUDFN
RIUHODWLYHFUDFNdepthDW 
3.4. The Role of Crack Depth on the SIFs  
$OWKRXJKWKHHIIHFWRIUHODWLYHFUDFNGHSWKDWKDVEHHQGLVFXVVHGWKURXJKRXWWKLVGRFXPHQWLQFRPELQDWLRQZLWK
RWKHU LPSRUWDQW TXDQWLWLHV LW LV VWLOO VLJQLILFDQW WR VHW LW DSDUW DQG GLVFXVV LW LQPRUH GHSWK )LJXUHV  VKRZ
W\SLFDOUHVXOWVRIWKHFUDFNGHSWKHIIHFWRQWKHPD[LPXPHIIHFWLYH6,)VIRUWKHFDVHRI/H/ DQGGK 7KHRQO\
GLIIHUHQFH DPRQJ WKHVH WKUHH JUDSKV LV WKH FUDFN HOOLSWLFLW\ UDWLR DF 5HJDUGOHVV RIZKDW WKH DF YDOXHV DUH WKH
RYHUDOO LPSUHVVLRQ FDQ EH FOHDUO\ VWDWHG VXFK WKDW  WKH PD[LPXP QRUPDOL]HG 6,)V XQGHU HDFK SXUH ORDGLQJ
FRQGLWLRQDOZD\VLQFUHDVHZLWKWKHLQFUHDVHRIUHODWLYHFUDFNGHSWKRIDW7KLVKROGVWUXHIRUWKHFDVHVHLWKHUXQGHU
WKHSXUHSUHVVXUHORDGLQJRUXQGHUWKHSXUHBEDAORDGLQJFRQGLWLRQRUXQGHUWKHSXUHBEIAORDGLQJFRQGLWLRQKHUH
.LVWDNHQLQDEVROXWHYDOXH+RZHYHUWKHFRPELQHGPD[LPXPHIIHFWLYH6,)VHLWKHUXQGHUBEDARUXQGHUBEIA
DOZD\VLQFUHDVHZLWKWKHLQFUHDVHRIWKHDWUDWLRZLWKLQDVKRUWGLVWDQFHDORQJWKHDWD[LVDQGWKHQWKHFXUYHRIHDFK
FRPELQHGFDVHGHFUHDVHVZLWK IXUWKHU LQFUHDVHRI WKH UHODWLYHFUDFNGHSWKDW ,QRQHFDVH WKHPD[LPXPHIIHFWLYH
6,)VWKHQLQFUHDVHDJDLQDVDWFRQWLQXHVWRLQFUHDVHVHH)LJ2VWHQVLEO\WKHRWKHUVZLOOLQFUHDVHDVDWEHFRPHV
ODUJHUWKDQ
2QHVKRXOGEHDZDUHWKDW WKHQRWDWLRQXVHGLQ WKLVVHFWLRQLVVOLJKWO\GLIIHUHQWRQWKHJUDSKVIURPWKHSUHYLRXV
RQHV,QWKHSUHYLRXVVHFWLRQVDOOWKHBEIADQGBEDAQRWDWLRQVRQWKHJUDSKUHIHUWRWKHFRPELQHGFDVHVRISUHVVXUH
DQGDXWRIUHWWDJHHLWKHUBEIARUBEDA,QWKLVVHFWLRQWKRVHFRPELQHGFDVHVDUHOLVWHGDVWKH³FRPELQHGBEDA´RU
WKH³FRPELQHGBEIA´FDVHV,WLVWKXVXVHGLQWKLVVHFWLRQWRFODULI\WKDWHDFKSORWGHPRQVWUDWHVKRZWKHFRPELQHG
BEDADQGBEIAFXUYHVDUHJHQHUDWHGIURPWKHFRPELQDWLRQRISUHVVXUHRQO\6,)VDQG WKHDXWRIUHWWDJHRQO\6,)V
XQGHUHLWKHUBEDARUBEIAORDGLQJFRQGLWLRQV2XUJRDOLVWRREVHUYHWKHWUHQGRIWKH6,)FXUYHVZLWKWKHLQFUHDVH
RIWKHUHODWLYHFUDFNGHSWKDW
)LJXUH  SORWV WKH QRUPDOL]HG PD[LPXP 6,)V RI FDVHV XQGHU GLIIHUHQW ORDGLQJ FRQGLWLRQV DV D IXQFWLRQ RI
UHODWLYHFUDFNGHSWKRIDW 7KHFUDFNHOOLSWLFLW\LVDF ZKLFKUHSUHVHQWVWKHFDVHVRIDVOHQGHUVHPL
HOOLSWLF FUDFN FRQILJXUDWLRQ 7KH WKLFN FRQWLQXRXV VROLG FXUYH ZLWK VROLG VTXDUH V\PEROV UHSUHVHQWV WKH SUHVVXUH
ORDGLQJRQO\FDVH$VZHPD\VHHWKDWWKHQRUPDOL]HGPD[LPXP6,)VLQFUHDVHVFRQWLQXRXVO\ZLWKLQFUHDVHRIWKH
UHODWLYHFUDFNGHSWKDW7KHGDVKHGFXUYHZLWKRSHQGLDPRQGV\PEROVUHSUHVHQWVWKHBEIAORDGLQJRQO\FDVHDQG
WKHGDVKHGFXUYHZLWKRSHQFLUFOHVUHSUHVHQWVWKHBEDAORDGLQJRQO\FDVH%RWKGDVKHGFXUYHVDUHLQGHHG³QHJDWLYH´
YDOXHVEXWWKH\DUHVKRZQKHUHDVWKHLUPDJQLWXGHV
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
)LJ7KHQRUPDOL]HGPD[LPXPHIIHFWLYH6,)VDVDIXQFWLRQRIUHODWLYHFUDFN
GHSWKIRUDslender semi-elliptic crack a/c=0.5ZLWKDVHPLFLUFXODUHURVLRQGK 
RIUHODWLYHHURVLRQGHSWKGW DQGUHODWLYHHURVLRQOHQJWK/H/ 


)LJ7KHQRUPDOL]HGPD[LPXPHIIHFWLYH6,)VDVDIXQFWLRQRIUHODWLYHFUDFN
GHSWKIRUDsemi-circular cracka/c=1ZLWKDVHPLFLUFXODUHURVLRQGK RIUHODWLYH
HURVLRQGHSWKGW DQGUHODWLYHHURVLRQOHQJWK/H/ 
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
)LJ7KHQRUPDOL]HGPD[LPXPHIIHFWLYH6,)VDVDIXQFWLRQRIUHODWLYHFUDFN
GHSWKIRUDtransverseVHPLHOOLSWLFFUDFNDF ZLWKDVHPLFLUFXODUHURVLRQ
GK RIUHODWLYHHURVLRQGHSWKGW DQGUHODWLYHHURVLRQOHQJWK/H/ 
$VRQHPD\VHHWKDWWKHBEIAORDGLQJFRQGLWLRQVSUHGLFWPRUHIDYRUDEOH6,)YDOXHVVLQFHWKH\DOOJHQHUDWHODUJHU
YDOXHVRI WKHPD[LPXP6,)VZKLFKUHVXOWV LQSUHGLFWLRQRID ORQJHU IDWLJXH OLIH ,W LVDOVRFOHDU WKDWERWKGDVKHG
FXUYHVLQFUHDVHZLWKWKHLQFUHDVHRIWKHUHODWLYHFUDFNGHSWKDWLQDVLPLODUPDQQHUDVREVHUYHGIRUWKHSUHVVXUHRQO\
FDVH
7KHFRQWLQXRXVFXUYHZLWKVROLGFLUFOHVUHSUHVHQWVWKHPD[LPXPFRPELQHGHIIHFWLYH6,)VXQGHUWKHFRPELQDWLRQ
RI WKH SXUH SUHVVXUH ORDGLQJ DQG WKH SXUHBEDA ORDGLQJ FRQGLWLRQV 7KH FRQWLQXRXV FXUYH ZLWK VROLG GLDPRQG
V\PEROVUHSUHVHQWVWKHPD[LPXPFRPELQHGHIIHFWLYH6,)VXQGHUWKHFRPELQDWLRQRIWKHSXUHSUHVVXUHORDGLQJDQG
WKHSXUHBEIA ORDGLQJ FRQGLWLRQV:KDW LV LQWHUHVWLQJ LV WKDW WKH FRPELQHGBEDA DQG WKH FRPELQHGBEIA FDVHV
IROORZDYHU\GLIIHUHQWWUHQGRQWKHJUDSKFRPSDUHGWRWKHSXUHORDGLQJDXWRIUHWWDJHRUSUHVVXUHFRQGLWLRQFDVHV
7KH FRPELQHGBEDA FXUYH LQFUHDVHVZLWK WKH LQFUHDVH RI WKH UHODWLYH DW IRU D UHODWLYH VKRUW FUDFN OHQJWKZKHQ
DWWKHQWKHFXUYHGHFUHDVHVGUDPDWLFDOO\EHWZHHQDW DQG$IWHUWKDWWKHFXUYHVWDUWVWRULVHDJDLQ
EXWYHU\VORZO\6LPLODU WUHQG LVREVHUYHGIRU WKHFRPELQHGBEIA FDVH2QH IDFW LVQRWHG IRU WKHBEIA FDVH WKH
PD[LPXPFRPELQHGHIIHFWLYH6,)VEHFRPHQHJDWLYHZKHQDW!ZKLFKSUHGLFWVFORVXUHRIFUDFNIDFHVZKLFKLV
WKHPRVWFRQVHUYDWLYHSUHGLFWLRQRIFUDFNSURSDJDWLRQ
7KHV\PEROVXVHGRQ)LJXUHVDQGDUH WKHVDPHDV WKRVHXVHGRQ)LJXUH+RZHYHU)LJVKRZVWKH
UHVXOWVIRUFDVHVRIFUDFNHOOLSWLFLW\DF ZKLFKUHSUHVHQWVFDVHVRIDVHPLFLUFXODUFUDFNFRQILJXUDWLRQ$OVR)LJ
 VKRZV UHVXOWV IRU WKH FDVHV RI FUDFN HOOLSWLFLW\ DF  ZKLFK UHSUHVHQWV FDVHV RI D WUDQVYHUVH HOOLSWLF FUDFN
FRQILJXUDWLRQ
:KLOHWKHWUHQGVRIWKHSXUHORDGLQJFDVHVRQ)LJDQG)LJDUHIXQGDPHQWDOO\WKHVDPHDVVKRZQRQ)LJ
WKHFRPELQHGORDGLQJFDVHVVKRZVRPHVLJQLILFDQWGLIIHUHQFHIURPRQHDQRWKHU:LWKWKHLQFUHDVHRIWKHDWUDWLRIRU
DOOWKHSXUHORDGLQJFDVHVWKH6,)PD[LPDDOZD\VLQFUHDVH
2Q)LJWKHFRPELQHGBEDAFXUYHDVZHOODVWKHFRPELQHGBEIAFXUYHVKRZVLPLODUWUHQGVDVLQ)LJIRU
VLPLODUFDVHVH[FHSWWKHNLQNLQWKHFXUYHVRFFXUDWDW LQVWHDGRIDW DVVKRZQRQ)LJ
)LJXUHVKRZVWKDWWKHGRZQWXUQRIWKHFRPELQHGBEDADQGBEIAFDVHVDUHQRWDVGUDPDWLFDVZLWKWKHRWKHU
WZRILJXUHV %RWKFXUYHVFRQWLQXH WRGHFUHDVHDIWHUHDFKUHDFKHV LWVPD[LPDDWDW IRU WKHFRPELQHGBEDA
FDVHDQGDWDW IRUWKHFRPELQHGBEIAFDVH
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&RQFOXVLRQV
7KHIRFXVRIWKLVVWXG\LVRQWKHHIIHFWVRIFUDFNHOOLSWLFLW\RQWKHPD[LPXPHIIHFWLYH6,)VLQFRPELQDWLRQZLWK
RWKHU JHRPHWULFDO IDFWRUV DQG SURSHUWLHV 2YHUDOO WKH HURVLRQ UHGXFHV WKH IDWLJXH OLIH RI WKH YHVVHO DQG WKH
%DXVFKLQJHU HIIHFW FRPSRXQGV WKLV HIIHFW UHTXLULQJ DFFXUDWH DVVHVVPHQW RI WKH PD[LPXP HIIHFWLYH 6,)V
6SHFLILFDOO\WKHPDLQILQGLQJVIURPWKLVUHVHDUFKPD\EHVXPPDUL]HGDVIROORZV
D )RUVKDOORZFUDFNVRIDWdWKHPRVWFULWLFDOFUDFNFRQILJXUDWLRQLVZKHQWKHFUDFNHOOLSWLFLW\LVDF 
IRUWKHFDVHVLQYHVWLJDWHGKHUHLQ
E )RUYHU\GHHSFUDFNVRIDW KRZHYHUWKHPRVWFULWLFDOFUDFNFRQILJXUDWLRQLVDF 
F 7KHPRVWGUDPDWLFHIIHFWRIHURVLRQFRQILJXUDWLRQLVZKHQLWLVYHU\VKRUWVXFKWKDW/H/IRUDOOFDVHV
VWXGLHG
G 6KDOORZFUDFNVDUHDIIHFWHGE\WKHHURVLRQPRUHGUDPDWLFDOO\WKURXJKRXWWKHHQWLUH/H/UHJLPHZKLOHGHHS
FUDFNVDUHOHVVDIIHFWHGDQGEHFRPHLQVHQVLWLYHIRUIXUWKHULQFUHDVHRIHURVLRQUHODWLYHOHQJWKZKHQ/H/!
H &UDFNGHSWKSOD\VDQLPSRUWDQWUROHRQWKHPDJQLWXGHRI6,)V7KHPD[LPXPHIIHFWLYH6,)VLQFUHDVHVZLWK
WKH LQFUHDVH RI WKH UHODWLYH FUDFN GHSWK DW ZKHQ DW   GHSHQGLQJ RQ ZKLFK FUDFN HOOLSWLF
FRQILJXUDWLRQ LV LQYHVWLJDWHG %XW EH\RQG WKDW FULWLFDO UHJLRQ ZLWK IXUWKHU LQFUHDVH RI FUDFN GHSWK WKH
PD[LPXPHIIHFWLYH6,)VLQJHQHUDOGHFUHDVH
$FNQRZOHGJHPHQWV
7KLVZRUNXVHGWKH([WUHPH6FLHQFHDQG(QJLQHHULQJ'LVFRYHU\(QYLURQPHQW;6('(ZKLFKLVVXSSRUWHGE\
1DWLRQDO 6FLHQFH )RXQGDWLRQ JUDQW QXPEHU 36& *UDQW 0663 7KH ILUVW DXWKRU 40 DFNQRZOHGJHV WKH
VXSSRUWIURPKLV8QLYHUVLW\WKURXJKWKH)DFXOW\'HYHORSPHQW*UDQW
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